Background/Aims: The kidney plays a critical role in the control of blood pressure and its elevation in salt-induced hypertension. Mitochondrial dysfunction, especially in energy metabolism, has been associated with hypertension. Here, we aimed to investigate mitochondrial function and metabolic features in renal mitochondria of Dahl salt-sensitive (SS) rats to gain further insight into the relationship between mitochondrial metabolism and predisposition to hypertension. Methods: In this study, SS rats fed low-salt (LS) or high-salt (HS) diets were used to investigate mitochondrial function and metabolism including mitochondrial enzyme activities, pyridine nucleotides, metabolites, and oxidative stress by biochemical analysis and gas chromatography-mass spectrometer (GC-MS). Results: Significantly lower activity levels of fumarase, isocitrate dehydrogenase and succinyl-CoA synthetase were observed in renal mitochondria of SS rats compared with SS.13 BN control rats fed LS diets. Intra-mitochondrial pyridine nucleotide content and mitochondrial metabolism were adversely affected in SS rats. In accordance with this, reduced ATP production, Δψm, and superoxide dismutase (SOD) activity were also observed in mitochondria of the renal medulla and cortex of SS rats. Moreover, ATP production was further impaired and oxidative stress was increased, confirming that the mitochondria of SS rats fed HS diets were dysfunctional compared to those of rats fed LS diets. Conclusions: Our data demonstrated that the renal mitochondria of SS rats exhibited complicated metabolic alteration and dysfunction in low-salt diets, and high-salt diets aggravated these dysfunctions. Thus, these results may be associated with renal dysfunction, which, in turn, would help in understanding the development of salt-sensitive hypertension.
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Introduction
Salt-sensitive hypertension is one of the most prevalent cardiovascular diseases affecting Asian and America populations [1] . Dahl salt-sensitive (SS) rats and their control, SS.13 BN , generated by submitting chromosome 13 from normotensive Brown Norway rats, are widely used for the study of salt-sensitive hypertension [2, 3] . It is well documented that the kidney plays a critical role in controlling blood pressure elevation in salt-induced hypertension [4] . Studies in human and animal models of hypertension have shown that metabolic syndrome associated with mitochondrial dysfunction is a potential factor for the development of hypertension [5] [6] [7] [8] , but the precise molecular mechanism that links metabolic syndrome and mitochondrial dysfunction in the kidneys of SS rats is not completely understood.
Comparative studies between SS and SS.13 BN rats have consistently shown significant differences in the expression of proteins and genes related to kidney energy metabolism, such as fumarase, electron transport chain proteins, and propionyl-CoA carboxylase [9, 10] . A recent study in SS rats suggested that accumulation of fumarate could contribute to the development of hypertension due to decreased fumarase activity in the kidney. Studies have also indicated abnormalities in the TCA cycle in 8-week-old SS rats, such as exhibiting higher levels of plasma organic acids (cis-aconitate, isocitrate, citrate and succinate) compared with control rats [11, 12] , but additional details regarding metabolic features in SS rats were undetermined, especially in renal mitochondria.
Mitochondria play a key role in various processes, including the TCA cycle, ATP synthesis and reactive oxygen species (ROS) generation. An increasing number of discoveries have shown that inefficient metabolism, due to mitochondrial dysfunction in muscle and brain tissue, could cause blood pressure elevation and may be associated with the development of hypertension [13, 14] . Our recent studies, using electron microscopy analysis, have shown mitochondrial ultrastructural abnormalities in medullary thick ascending limbs of SS rats, implying mitochondrial function may be different [15] .
Thus, it is of great interest to investigate the functional changes induced by varying salt concentration, ranging from prehypertensive (low salt diet) to hypertensive (high salt diet) stages. Zheleznova et al. used LC/MS to perform hypertension and age-related mitochondrial proteomic analysis of mTALs from SS and SS.13 BN rats. However, they did not report any data regarding the phase of prehypertension in SS rats [16] . In the present study, we characterized the mitochondrial function and metabolite profiles of 7-week-old SS rats that were maintained with a low salt diet compared with diet-matched SS.13 BN rats.
Materials and Methods

Experimental animals
Dahl salt-sensitive rats and SS.13 BN rats (6 weeks old) were purchased from Vital River (Beijing, China) and adapted to the environment for 1 week, to acclimate to the surroundings, before being used. Animals had free access to standard rat chow and were housed in individual cages maintained at 21 ± 2 °C with a 12:12-h light-dark cycle. The rats were maintained on a low-salt diet (0.4% NaCl) from weaning until 7 weeks of age. Then, the SS rats' diet was switched to a high-salt content (8% NaCl) for an additional 2 weeks. The mean arterial pressure (MAP) was measured using tail-cuff plethysmography with a computerized system [17] .
Isolation of mitochondria
The rats were anesthetized with pelltobarbitalum natricum, and their kidney were immediately removed and placed into ice-cold saline solution buffer. The renal medulla and cortex were isolated using a dissecting microscope. For isolation of mitochondria, the tissue was homogenized in 10 volumes (w/v) of isolation buffer (250 mM mannitol, 1 mM EDTA, and 10 mM Tris base, pH 7.4). Mitochondria were isolated using low-and high-speed differential centrifugation (1000 g for 20 min and 10000 g for 10 min, respectively) at 4 °C [18] . Mitochondria were re-washed, suspended in isolation buffer and frozen at -80 °C. Tissue specimens were homogenized in 20 mM HEPES buffer (pH 7.4), as previously reported [11] . Protein concentrations of the extracts were measured using the BCA protein assay. [12] . Citrate synthase (CS) activity was measured by adding 0.67 mM oxaloacetate to the reaction, which consisted of 50 mM Tris, 100 mM KCl, 1 mM EDTA (pH 7.5), 83.3 μM acetyl-CoA, 167.5 μM DTNB and 8-16 μg of protein [19] . Succinate dehydrogenase (SDH) activity was determined using a kit from Nanjing Jiancheng Bio (Nanjing, China).
Enzymatic analysis
Assessment of mitochondrial member potential, ROS production, and SOD activity
Mitochondrial membrane potential (Δψ m ) was determined using 5, 5',6, 6'-tetrachloro-1, 1',3, 3'-tetraethylbenzimdazol carbocyanine iodide (JC-1) (Sigma, T4069), as previously described. Briefly, purified mitochondria (50 μg protein) were incubated with JC-1 (5 μg/ml) for 10 min at 37 °C, and green and red fluorescence of JC-1 was recorded using a microplate reader (Tecan Group Ltd., Switzerland) at 530 nm and 590 nm, respectively [20] . ROS production was measured using 20 μM 2',7'-dichlorodihydrofluorescein diacetate (H 2 DCFDA) (Sigma, D6883) [21] . SOD activity was determined using a superoxide dismutase kit by hydroxylamine method (Nanjing Jiancheng Bio, China).
Mitochondrial ATP production
Mitochondrial ATP production was determined as previously described [22] . The reaction buffer consisted of respiration medium containing 15 mM KH 2 PO 4 , 15 mM KCl, 50 mM Tris base, 225 mM Sucrose, 5 mM MgCl 2 , and 0.1 mM EDTAK 2 adjusted to pH 7.4. Then, fresh mitochondria (0.05 μg protein) were added to the buffer, which contained 10 mM glutamate, 5 mM malate, and 1 mM ADP. ATP synthesis rates were calculated for each substrate combination using values obtained over the five measurement cycles. The ATP content was determined using a Luminescent Cell Viability Assay (Promega, G7570).
Measurement of pyridine nucleotides
For determination of pyridine nucleotides, mitochondria were extracted with 0.1N HCl (for NAD + and NADP + ) or 0.1 N NaOH (for NADH and NADPH) at 90 °C for 5 min, and then the solution was neutralized and centrifuged at 13000 g at 4 °C for 10 min to remove insoluble material [23] . NAD + and NADH concentrations were determined by calculating the change in absorbance (570 nm) of a 200 μL solution containing 100 mM bicine-NaOH buffer (pH 8.0), 4 mM EDTA, 0.42 mM 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazoliumbromide, 1.7 mM phenazine ethosulfate, 500 mM ethanol, and 2 U alcohol dehydrogenase after 30 min of incubation at 37 °C [24] . Quantification of NADP + and NADPH was similar to that of NAD + and NADH, except EtOH was replaced with 2.5 mM glucose-6-phosphate and ADH was replaced with 0.14 U glucose-6-phosphate dehydrogenase [24] .
Quantification of metabolites by GC-MS
A scan metabolomics approach was performed using gas chromatography-mass spectrometry (GC-MS) [8] . Briefly, a 100 μL mitochondrial homogenate sample was extracted with 350 μL methanol/chloroform (2.5:1) and vortexed. After storing at -20 °C overnight, samples were centrifuged at 4 °C for 10 min at 13000 g. An aliquot of the 200 µL supernatant was transferred to a glass sampling vial for vacuum freeze-drying at -58 °C. The residue was derivatized using a two-step procedure as follows. First, 80 µL of methoxyamine (15 mg/mL in pyridine) was added to the vial and incubated at 30 °C for 90 min, followed by the addition of 80 µL BSTFA (1% TMCS, Sigma) at 70 °C for 60 min. Each 1 µL aliquot of the derivatized solution was injected, in splitless mode, into an Agilent 7890N gas chromatograph coupled with a quadrupole mass spectrometer (5975C) and a DB-5 MS column (Agilent 119, J&W Scientific, USA). The GC column temperature was programmed to remain at 80 °C for 2 min and then increased from 80 °C to 300 °C, at a rate of 5 °C/min, where it was held for 2 min. Acquisition, detection of mass spectral peaks, and waveform processing analysis of the chromatograms was performed using MSD Chemstation software E.02.02 (Agilent Technologies, Santa Clara, USA). The mass fragmentation patterns were compared with the FIEHN and NIST/EPA/ NIH Mass Spectral Library 2011 (NIST11, Gaithersburg, MD, USA) using AMIDS (Version 2.70). The data set was normalized using the internal standard of features that appeared in all samples. The pre-processed GC-MS data were exported into SIMCA-P 11.5 for multivariate analysis. The criteria for selecting differentially abundant metabolites were having probability (p) values of Students's t tests less than 0.05 and a variable importance in the projection (VIP) value greater than 1 [25] .
Statistical analysis
All datasets, except the mass spectrometry data, were displayed as the means ± SEM. To evaluate the differences between two interested groups, a two-tailed t test was performed and p < 0.05 was considered significant.
Results
Enzymatic analysis of the TCA cycle Consistent with our previous studies, fumarase activity was not only decreased in renal tissue (Fig. 1A) but also significantly decreased in isolated mitochondria of SS rats (4.46 ± 0.68 in medulla and 13.76 ± 1.16 nmol fumarate/min/mg) compared with SS.13 BN rats (7.32 ± 0.67 in medulla and 18.17 ± 2.14 nmol fumarate/min/mg) (Fig. 1B) . However, there was no difference in fumarase expression in the renal medulla and cortex between SS and SS.13 BN rats, which was quantified relative to the total protein in the gel using Coomassie blue staining (Fig. 1C and 1D) .
Moreover, examination of other enzymes involved in the TCA cycle was performed. As shown in Fig. 2 
Metabolic analysis in mitochondria
In mitochondria, the number of reduced and oxidized pyridine nucleotides in the renal medulla and cortex were determined as a general measure of mitochondrial metabolism. In medulla mitochondria (Fig. 3A) , the amount of NAD + was reduced in SS rats (0.156 ± 0.009 nmol/mg protein) compared with SS.13 BN rats (0.134 ± 0.007 nmol/mg protein). Both NADH and NAPDH were lower (14.5% and 13.6%, respectively) in the cortex mitochondria of SS rats (Fig. 3B ). In addition, there was no significant change in the ratio of NADPH:NADP + or NADH:NAD + in either strain. Next, a global metabolic profiling study was performed using GC-MS technique and low small-molecular-weight compounds in renal mitochondria were identified (98 metabolites in medulla and 56 metabolites in cortex). As shown in Fig. 4A and 4B, PLS-DA was performed, and the R (Table 1) . Medulla mitochondrial metabolites in SS rats were characterized by an increase in leucine and lysine and a decrease in inositol, glycerol 1-phosphate, and gentisic BN rats on low-salt diet (0.4% NaCl). n = 6, * p<0.05, ** p<0.01.
acid. Cortex mitochondrial metabolites in SS rats were characterized by higher concentrations of valine, alanine, glycerol, isoleucine, and oleic acid and lower concentrations of linoleic acid and tagatose than those in SS. 13 BN rats. Based on the relative concentrations of metabolites in mitochondria, it could be observed that amino acids metabolism was markedly altered in SS rats.
Comparison of renal mitochondrial function in SS and SS.13 BN rats
To fully investigate mitochondrial function in rats fed low-salt diets (0.4% NaCl), the mitochondrial function from was comparatively analyzed in SS rats and SS.13 BN . The most obvious results were a lower ATP production rate in SS rats (0.325 ± 0.029 in the medulla and 0.697 ± 0.056 in the cortex) compared with SS.13 BN rats (0.438 ± 0.050 in the medulla and 1.054 ± 0.100 μmol ATP/ min/mg protein in the cortex), while the contents of ATP in mitochondria were not significantly different (Fig. 5A-C) . Meanwhile, Δψ m (-12.7% and -14.2%) and mitochondrial super- Table 1 . Relative levels of metabolites of mitochondria from SS and SS.13 BN rat strains raised on a 0.4% NaCl diet, based on GC-MS data oxide dismutase (-15.3% and -26.8%) were reduced together with ROS (-9.0% and -10.2%) in both the medulla and cortex of SS rats compared with SS.13 BN rats, respectively (Fig. 5D-F) . Fig. 6 shows how high-salt diets affect mitochondrial function parameters in SS rats. The high-salt diet (2 weeks) significantly increased blood pressure from 112 mm Hg to 159 mm Hg (Fig. 6A) . ATP production was reduced in the renal medulla and cortex of rats fed low-salt diets (0.4% NaCl) relative to rats fed high-salt diets (-25.9%, p < 0.01 and -26.4%, p = 0.0768, n = 8, respectively) (Fig. 6B) . In addition, the ATP concentration was reduced and Δψ m was increased in the cortex mitochondria of rats fed high-salt diets. However, there was no significant difference in the medulla mitochondria ( Fig. 6C and 6D ). Mitochondrial ROS production was significantly higher in the HS group compared with LS group (26.0% in the medulla and 39.9% in the cortex) (Fig. 6E) . The effects of high-salt diets did not alter SOD activity in SS rats (Fig. 6F) .
Effect of high salt diets on renal mitochondrial function
Discussion
In the present study, dysfunctional mitochondria and metabolic alteration, including reduced energy metabolism and altered pyridine nucleotides and amino acid metabolism, were assayed in the kidneys of 7-week-old salt-sensitive rats maintained with low salt diets. In the previous paper, a proteomic study of mTAL mitochondria from SS and SS.13 BN rats maintained with a high-salt diet was performed [16] . The mitochondrial dysfunctions observed for SS rats fed a low-salt diet were substantially consistent with those in the previous study, suggesting that genetic factors may play a critical role in creating those differences. Indeed, several key enzymes involved in oxidative metabolism, including fumarase, IDH and SCS, demonstrated reduced expression and/or activity in SS rats. Those observations may be partially attributable to genetic factors rather than the elevation of blood pressure [26] . Though the abundance of fumarase was not different in renal mitochondria, the decreased activity was due to an amino acid difference in SS rats [11] . The mitochondrial fumarase insufficiency results were consistent with our previous studies of SS rat renal tissue, while the abundance was not upregulated compared with SS.13 BN rats [11, 12] . Since SCS and IDH play an important role in the TCA cycle, reduced enzymatic activities of these enzymes in renal mitochondria would be expected to cause inefficient ATP production and be associated with the accumulation of succinate and citrate in the kidneys and plasma of SS rats [27, 28] .
Our study, which was the first to specifically measure mitochondrial metabolism, suggested that plasma metabolism and mitochondrial metabolism were altered in SS compared to SS. 13 BN rats, which mainly shows that there are fewer pyridine nucleotides and more amino acids in SS rats [12] . Previous studies reported that lower NADH and higher FAD were observed in kidneys of SS rats using fluorescent cryo-imaging, mainly implying the pyridine nucleotides were reduced due to mitochondrial dysfunction [29] . Furthermore, the reduced levels of pyridine nucleotides were associated with decreased dehydrogenase activities in the TCA cycle of SS rats [30] . It was speculated that having a higher number of amino acids disrupts amino acid metabolism, and the amino acids might convert to other metabolites [31] . These results could also explain why grain diets, compared to purified diets (AIN-76A), could reduce mean arterial pressure and renal disease in SS rats because grain diets provide more amino acids for metabolism [32, 33] .
These results, shown above, demonstrate that reduced energy metabolism in the kidneys of SS rats is one of the best documented abnormalities. It also suggests that dysfunctional mitochondria are a less efficient producer of ATP but a more efficient producer of ROS. This was observed in high-salt induced SS rats, which may explain why blood pressure is sensitive to salt [34] . It is understandable that oxidative imbalance and subsequent oxidative stress mediated damage to biomolecules are extensively reported in SS rats, and increasing evidence suggests that excess ROS plays a critical role in salt-induced mitochondrial dysfunction and Fig. 6 . High-salt diet (8% NaCl for 2 weeks) induced mitochondrial dysfunction in the renal medulla and cortex of SS rats compared with low-salt diet (0.4% NaCl). A, mean arterial pressure (MAP) analyzed in lowsalt (LS) or high salt (HS) groups. B-F, ATP production, ATP contents, Δψ m , ROS production, and SOD activity. n = 8, * p<0.05, ** p<0.01.
hypertension [35] . Moreover, high-salt diets induced mitochondrial dysfunctions, especially in leukocyte mitochondria, may contribute to leukocyte adhesion and then aggravate kidney damage in SS rats [36] . The present observations were also consistent with metabolic disorder previously reported in SD rats fed high-salt diets, which would be expected to impair mitochondrial function [37] .
Conclusion
The present study, which focused on the renal medulla and cortex, showed evidences of mitochondrial dysfunction and metabolism disorder in SS rats. It is possible that the mitochondria of SS rats exhibit dysfunction and metabolism disorder, which thereby affects kidney function, especially when challenged with high-salt intake. The limitation of this work was that these results were normalized using total mitochondrial protein, which overlooked the total number of mitochondria. Further research should explore the link between highsalt, mitochondrial dysfunction, and salt-sensitive hypertension.
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